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Irrigation as well as soil tillage management are considered two possible strategies to 16 
reduce carbon dioxide (CO2) and methane (CH4) emissions from the soil in Mediterranean 17 
agroecosystems. The objective of this work was to assess the impact of the irrigation 18 
system (i.e. flood, F; and sprinkler, S) and the soil tillage system (i.e. conventional tillage, 19 
CT; no-tillage maintaining the maize stover, NTr; and no-tillage removing the maize 20 
stover, NT) on CO2 and CH4 emissions from the soil during three growing seasons (2015, 21 
2016 and 2017) and two fallow periods between growing seasons (15-16 fallow and 16-22 
17 fallow) in a maize (Zea mays L.) monoculture system. Soil temperature and water-23 
filled pore space (WFPS) had a great influence on daily soil CO2 fluxes but not on daily 24 
soil CH4 fluxes. Daily soil CO2 fluxes showed an increase with soil temperature in all 25 
tillage-irrigation treatments, especially when soil temperature was above 15ºC, in 26 
coincidence with the maize plant growth. In contrast, soil WFPS differently affected daily 27 
soil CO2 fluxes depending on the irrigation system. Under S irrigation, daily soil CO2 28 
fluxes increased with soil WFPS, whereas under F irrigation a threshold value of 60% 29 
WFPS was found, with a positive or negative effect on CO2 fluxes for values below or 30 
above this threshold value, respectively. Over the three maize growing seasons, CT-S 31 
presented the greatest cumulative soil CO2 emissions with a seasonal average value of 32 
3.28 Mg CO2-C ha
-1. In contrast, for the same period, NTr-S cumulative soil CO2 33 
emissions were up to 42% lower than the CT-S cumulative soil CO2 emissions. 34 
Cumulative CH4 emissions were only affected by soil tillage during the 16-17 fallow 35 
period, observing greater net CH4 uptake under NTr and NT compared with CT. This 36 
work highlights the importance of irrigation and soil tillage systems as key agricultural 37 
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1. Introduction 46 
Mediterranean climate is characterized by low and erratic precipitations, mainly 47 
occurring during autumn and spring, being irrigation water supplies necessary for most 48 
summer crops. On the other hand, in Mediterranean areas, adequate selection and 49 
performance of agricultural management practices such as irrigation and tillage may help 50 
to mitigate greenhouse gas (GHG) emissions from agricultural soils (Sanz-Cobeña et al., 51 
2017).  52 
In Mediterranean agriculture, irrigation acreage is increasing due to the higher crop 53 
yields in irrigated cropping systems compared with rainfed farming systems. Sprinkler 54 
and flood irrigation systems are the most used worldwide. In turn, the acreage under 55 
sprinkler irrigation is increasing compared with flood irrigation due not only to higher 56 
crop yields but also to better automation of the irrigation process and to a reduction of 57 
runoff and drainage since irrigation water is applied at low rates (Rawlins and Raats, 58 
1975; Playán and Mateos, 2006; Lecina et al., 2010). Moreover, irrigation systems, given 59 
their capacity to modify the soil water content, directly affect the soil carbon cycle 60 
through an increase of net primary productivity and soil microbial activity, which usually 61 
results in an increase of soil organic carbon (SOC) content and an impact on the factors 62 
controlling the production and transport of CO2 and CH4 in the soil (Wu et al., 2008; 63 
Aguilera et al., 2013; Trost et al., 2013).  64 
Likewise, soil tillage can have an impact on soil CO2 and CH4 emissions by affecting 65 
the SOC evolution and soil physical properties like soil structure involved in the 66 
production/consumption and transport of these gases through the soil profile (West and 67 
Post, 2002; Ball, 2013). In Mediterranean areas, no-tillage leads to an increase of SOC 68 
levels due to the physical protection of carbon within soil aggregates, which, at the same 69 
time, results in a better soil structure (Álvaro-Fuentes et al., 2008; Follett et al., 2013; 70 
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Plaza-Bonilla et al., 2014). In contrast, tillage promotes the oxidation of soil organic 71 
matter by microbial activity due to the direct incorporation of the crop stover, the 72 
disturbing and mixing of the soil profile and the breakdown of soil aggregates, which 73 
results in more favourable conditions for decomposition of the soil organic matter by soil 74 
microorganism (Paustian et al., 1997). Moreover, crop stover management can influence 75 
CO2 and CH4 emissions from the soil. Thus, maintaining the crop stover on the soil 76 
surface can reduce soil water losses by evaporation, while removing it can lead to a 77 
reduction in the SOC content, thus resulting in a degradation of soil physical properties 78 
(Sauer et al., 1998; Blanco-Canqui and Lal, 2008). 79 
Soil CO2 production is driven by abiotic and biotic processes. The main abiotic 80 
processes involved in the soil CO2 production is the dissolution of inorganic forms of 81 
carbon like carbonates (CO3
2–) (Ramnarine et al., 2012; Rey, 2015). The soil CO2 coming 82 
from biotic processes is a consequence of root respiration and microbial decomposition 83 
of organic matter and is regulated by soil temperature and water content (Linn and Doran, 84 
1984; Lloyd and Taylor, 1994; Davidson and Janssens, 2006). Moreover, soil may act as 85 
a sink or as a source of CH4, depending on the O2 availability for microbial activity. 86 
Hence, soil methanogenesis (production of CH4) requires strict anaerobiosis and low 87 
oxidation-reduction potentials (Eh). In contrast, soil methanotrophy (consumption of 88 
CH4) need high Eh values and the presence of O2, being the latter the main limiting factor 89 
for soil methanotrophy (Hütsch, 2001; Le Mer and Roger, 2001). Accordingly, irrigation 90 
and tillage practices may affect the production and dynamics of CO2 and CH4 in the soil 91 
by modifying the soil water-filled pore space (WFPS), soil temperature and soil structure. 92 
These variables control the microbial activity, influence the crop development and affect 93 
the diffusivity and transport of gases throughout the soil profile (Linn and Doran, 1984; 94 
Wang et al., 1993; Ball et al, 1999; Smith et al., 2003; Ball et al., 2008). 95 
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Currently, the available information about the effects of different irrigation systems 96 
and the interaction between tillage and irrigation on soil CO2 and CH4 emissions under 97 
Mediterranean conditions is scarce. Several studies have been carried out under 98 
Mediterranean conditions to assess the influence of different tillage practices, different 99 
types and doses of N fertilizers or the use of cover crops on CO2 and CH4 emissions from 100 
the soil (Álvaro-Fuentes et al., 2008; Menéndez et al., 2008; Meijide et al., 2010; Morell 101 
et al., 2011; Plaza-Bonilla et al., 2014; Sanz-Cobeña et al., 2014). All these studies, 102 
however, were carried out under rainfed conditions. In irrigated conditions, some 103 
researches have been conducted to find out the effect of different tillage systems and 104 
irrigation management on soil CO2 and CH4 emissions (Zornoza et al., 2016; Forte et al., 105 
2017; Maris et al., 2018; Pareja-Sánchez et al., 2019), but none of them took into 106 
consideration the interaction between tillage and irrigation systems.  107 
The present study was aimed to evaluate the effects of soil tillage systems 108 
(conventional tillage vs. no-tillage) and irrigation systems (sprinkler vs. flood irrigation) 109 
on soil CO2 and CH4 emissions under maize cultivation in a Mediterranean 110 
agroecosystem. We hypothesize that irrigation system and soil tillage management would 111 
impact on the soil carbon cycle by modifying soil physical properties, soil moisture 112 
content and SOC contents, which would also affect the soil CO2 and CH4 emissions. In 113 
particular, we hypothesize that conventional tillage under sprinkler irrigation would result 114 
in greater CO2 emissions due to the expected higher crop productivity of this irrigation 115 
system and the higher soil aeration associated with tillage. Likewise, we hypothesize that 116 
flood irrigation would enhance soil CH4 production since, under this irrigation system, 117 
anaerobic conditions would occur after each irrigation event.  118 
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2. Material and Methods 119 
2.1 Site description and experimental design 120 
The experiment was established in 2015 at Zaragoza, Spain (41º 42´ N, 0º 49´ W, 225 121 
m altitude). The climate in the area is Mediterranean semiarid with an annual mean air 122 
temperature of 14.1 ºC, an annual precipitation of 298 mm and a grass reference crop 123 
evapotranspiration (ETo) of 1243 mm. The soil is a Typic Xerofluvent (Soil Survey Staff, 124 
2015). The main properties of the experimental soil are given in Table 1. 125 
On the experimental site, winter wheat (Triticum aestivum L.) followed by maize 126 
(Zea mays L.) as second crop was grown under conventional tillage and flood irrigation 127 
during the last ten years prior to the establishment of the experiment. Accordingly, winter 128 
wheat was the precedent crop in the experimental field. In 2015, the experimental field 129 
(0.83 ha) was divided in two identical areas, one for flood irrigation (F) and the other for 130 
a hand-move sprinkler irrigation system (S). At the same time, three soil tillage systems 131 
(i.e. conventional tillage, CT; no-tillage maintaining the maize stover, NTr; and no-tillage 132 
removing the maize stover, NT) were also established in each of the two areas with 133 
different irrigation system. The experimental design was a split-block  with three 134 
replications and a plot size of 6 x 18 m.  135 
One pass of a subsoiler to 30 cm depth followed by one pass of a disk harrow in 136 
winter and one pass of a rotary tiller just before sowing were performed in the CT 137 
treatment. No-tillage treatments consisted of an application of glyphosate (36% at 5L ha-138 
1) to control weeds before sowing. Maize cv. Pioneer P1785 was sown in rows 75 cm 139 
apart at a planting density of 89,500 plants ha–1 (Table 2).  140 
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Fertilization was the same in all treatments and consisted of one application of 800 141 
kg ha-1 of NPK 8-15-15 compound fertilizer (ammonium N (N-NH4); phosphorus P(P-142 
P2O5); potassium K (K-K2O)) before planting and one top dressing application of 740 kg 143 
ha-1 of calcium ammonium nitrate 27% N (13.5% ammonium N (N-NH4) – 13.5% nitrate 144 
N (N-NO3)) at V6-V8 maize growth stage. Harvest was done with a commercial combine 145 
(Table 2). Afterwards, the stover was chopped and spread over the soil by a chopper 146 
machine. After harvest of the first maize growing season (2015), maize stover was 147 
manually removed from the NT treatment plots. Therefore, the NT treatment started the 148 
second growing season (2016) after the first fallow period (15-16 fallow). It is important 149 
to state that during the two fallow periods between the three maize growing seasons no 150 
crop was grown. Weed and pest control was done according to best management practices 151 
in the area.  152 
Meteorological data from a weather station 1km far from the field experiment was 153 
used to obtain daily reference evapotranspiration (ETo) using the FAO Penman-Monteith 154 
method (Allen et al., 1998). The crop coefficient (Kc) for maize was calculated as a 155 
function of thermal time using an equation developed at the same location of the 156 
experiment (Martínez-Cob et al., 2008). Daily maize crop evapotranspiration (ETc) was 157 
then obtained by multiplying ETo by Kc (Allen et al., 1998). Crop irrigation requirements 158 
(CIR) were determined weekly by subtracting the effective precipitation (75% of total 159 
weekly precipitation) from ETc and considering an irrigation efficiency of 85% (Dastane, 160 
1978) (Table 3). Irrigation frequency differed between irrigation systems. Hence, in the 161 
S system, two irrigation events per week were performed (i.e. on Monday and 162 
Wednesday). In the F system irrigation occurred every 10-14 days. In order to favour 163 
plant emergence and to avoid differences in plant density among treatments, irrigation 164 
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water was applied by sprinkler irrigation to all the plots until V6 growth stage. For each 165 
irrigation system, the same amount of irrigation water was applied to all tillage treatments.  166 
2.2 Gas measurements  167 
Soil CO2 and CH4 emissions were measured from April 2015 to October 2017 using 168 
the closed chamber technique (Hutchinson and Moiser, 1981). Two polyvinyl chloride 169 
(PVC) rings (31.5 cm internal diameter) per plot were inserted 10 cm into the soil on 170 
April 2015 and were only removed at tillage, planting and harvesting operations. Each 171 
PVC chamber (20 cm height) was covered with a reflective layer of aluminium film to 172 
avoid increases of the internal temperature, which was measured by introducing 173 
thermometers before the chambers were closed. 174 
Soil gas sampling frequency was weekly from planting (April) until maize milk stage 175 
(R3) (mid-August), every two weeks from mid-August until harvest (late September) and 176 
every three weeks during the fallow period (November-March). Moreover, soil gas 177 
sampling frequency was increased for tillage, fertilization and flood irrigation events. 178 
During tillage operations, soil gas samplings were performed 24 h before and 24 and 96 179 
h after tillage, while for fertilization operations soil gas samples were taken 24 h before 180 
and 24, 48, 72, 96, 144 and 192 h after fertilization. Finally, for every flood irrigation 181 
event soil gas sampling frequency consisted of one sampling just before applying the 182 
irrigation water and several samplings (3-4) during the five days following the irrigation 183 
event. In the case of S irrigation, gas sampling was performed between the two weekly 184 
irrigation events.  185 
In each soil gas sampling, 20 mL of gas were collected at 0, 20 and 40 min after 186 
chamber closure and transferred to an evacuated 12-mL Exetainer ® borosilicate glass 187 
vial (model 038W, Labco, High Wycombe, UK). On every sampling date, a total of 54 188 
gas samples were collected for each irrigation system (9 plots x 2 observations per plot x 189 
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3 sampling times per chamber). The concentration of CO2 and CH4 were measured with 190 
a gas chromatograph system (Agilent 7890B, Agilent, Santa Clara, CA, United States) 191 
equipped with a flame ionization detector (FID) coupled to a methanizer for determining 192 
CO2. The system was calibrated using ultra-high purity CO2 and CH4 standards (Carburos 193 
Metálicos, Barcelona, Spain). Further details of the analysis method are described 194 
elsewhere (Franco-Luesma et al., 2019). Mass-based emission rates of each gas were 195 
calculated by the linear increase of the particular gas concentration inside the chamber 196 
during the enclosure time and correcting it by the internal air chamber temperature.  197 
2.3 Soil and crop aboveground biomass measurements  198 
Soil temperature (at 5 cm depth) and soil water content (0-5 cm) were measured using 199 
a TM 65 probe (Crison, Carpi, Italy) and a GS3 probe (Decagon Devices, Pullman, WA), 200 
respectively. Soil bulk density (0-5 cm) was determined once per month using the 201 
cylinder method (Grossman and Reinsch, 2002); stainless steel cylinders 5 cm in length 202 
and 8 cm in diameter were used to collect undisturbed soil samples. Soil water filled pore 203 
space (WFPS) was calculated from the volumetric soil water content and the soil bulk 204 
density measurements, assuming a soil particle density of 2.65 Mg m-3.  205 
Maize aboveground biomass was determined manually before the combine harvest 206 
by cutting the maize plants of three 2-m maize rows, at the soil surface level, at two 207 
randomly selected locations per plot. A sub-sample of four entire plants was taken. The 208 
cobs were separated, and both cobs and the rest of the plant were oven-dried at 60° C for 209 
48 h and weighed. Afterwards, the dry weight of the plant and the cob were summed to 210 
obtain the total maize aboveground biomass. 211 
  212 
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2.4 Data analysis 213 
Cumulative soil CO2 and CH4 emissions for each treatment and measurement period: 214 
2015, 2016 and 2017 maize growing seasons (April – October) and 15–16 and 16–17 215 
fallow periods (November – March) were expressed on a mass basis (i.e., Mg C-CO2 ha
-216 
1; g C-CH4 ha
-1) using the trapezoid rule (Levy et al., 2017). Data normality was checked 217 
by the Shapiro-Wilk test and when necessary, data were transformed to get a normal 218 
distribution. Sqrt-transformation for daily soil CO2 fluxes and logarithm transformation 219 
for cumulative soil CO2 emissions were needed to comply with normality. Transformed 220 
daily soil CO2 fluxes, daily soil CH4 fluxes, WFPS, and soil temperature were analysed 221 
separately for each measurement period (i.e. 2015, 2016, 2017 maize growing seasons 222 
and 15-16, 16-17 fallow periods) and each irrigation system, sprinkler and flood 223 
irrigation, through repeated measures analysis of variance (ANOVA), with soil tillage 224 
system, date of sampling and their interactions as sources of variation. 225 
In addition, different ANOVA analyses for each measurement period were performed for 226 
transformed cumulative soil CO2 emission values, cumulative soil CH4 emissions and 227 
maize aboveground biomass, with irrigation system, soil tillage system and their 228 
interactions as sources of variation. When significant, differences between treatments 229 
were identified at 0.05 probability level using the Tukey test. Simple regressions between 230 
CO2 fluxes, CH4 fluxes, WFPS and soil temperature were performed to test the presence 231 
of significant relationships. All statistical analyses were performed with JMP 10 statistical 232 
package (SAS Institute Inc., 2012). 233 
  234 
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3. Results 235 
3.1 Weather conditions, soil WFPS and soil temperature 236 
Daily mean air temperature, precipitation and ETo were recorded for the entire 237 
measurement period. Air temperature and ETo values showed an increase from April until 238 
maximum values in July and August and then a decrease reaching the lowest values in 239 
January and February (Figure 1). Over the three maize growing seasons, average daily air 240 
temperature was 20.6, 19.9 and 20.5ºC for 2015, 2016 and 2017, respectively, while 241 
during the 15-16 and 16-17 fallow periods, daily air temperature was 9.2 and 9.1ºC, 242 
respectively. Likewise, a total precipitation of 116, 167 and 151 mm was recorded in 243 
2015, 2016 and 2017 maize growing seasons, respectively, while total precipitation 244 
during fallow was 180 and 272 mm for the 15-16 and 16-17 fallow periods, respectively.  245 
For both irrigation systems and throughout the entire measurement period, the WFPS 246 
was significantly affected by the interaction between tillage and sampling date (Table 4). 247 
In addition, during the irrigation period (June – September), F irrigation presented large 248 
fluctuations of WFPS, with increases from 30 to 100% WFPS in less than 24h, which 249 
returned to values close to 30% WFPS in less than 5 days after the irrigation event. 250 
However, S irrigation presented a lower temporal variation of WFPS, with values ranging 251 
from 30 to 60% through the irrigation period (Figure 2). On average, for the three maize 252 
growing seasons, mean CT-WFPS values were 38 and 55% for S and F irrigation, 253 
respectively, whereas, mean NTr- and NT-WFPS values were 58 and 64%, and 50 and 254 
58% for S and F irrigation, respectively. 255 
Soil temperature was significantly affected by the interaction between tillage and 256 
sampling date during all measurement periods except during the 15-16 fallow for S 257 
irrigation (Table 4). Over the three maize growing seasons, mean soil temperature (at 5 258 
13 
 
cm depth) was 19.7 (2015), 17.7 (2016) and 18.2ºC (2017) in S irrigation and 19.4 (2015), 259 
18.9 (2016) and 19.2ºC (2017) in F irrigation (Figure 3). 260 
3.2 Carbon dioxide emissions 261 
For both irrigation systems, daily soil CO2 fluxes were affected by tillage, sampling 262 
date and their interaction (Table 5). During the three maize growing seasons and under 263 
both irrigation systems, soil CO2 fluxes showed a similar pattern, with an increase in the 264 
emission rates concomitant with the crop growth over the maize growing season and 265 
reaching the maximum values in July coinciding with maize tasseling stage (VT) (Figure 266 
4). Once soil CO2 fluxes reached this peak, they started to decrease presenting the lowest 267 
values during the fallow periods (November – March) (Figure 4). 268 
In the three growing seasons and under S irrigation, CT showed greater daily soil CO2 269 
fluxes than NT and NTr, with mean daily values of 2.50, 1.53 and 1.75 g CO2-C m
-2 day-270 
1 for 2015, 2016 and 2017, respectively. However, under F irrigation, differences among 271 
tillage systems were only found in the 2017 growing season when CO2 fluxes were greater 272 
under CT than under NT (Table 5).  273 
Over the entire experimental time, daily soil CO2 fluxes and soil temperature at 5cm 274 
depth presented a significant positive exponential relationship for both irrigation systems 275 
and the three tillage systems (Figure 5). According to these relationships, when soil 276 
temperature was below to 15º C (mostly during the fallow periods) the response of daily 277 
soil CO2 fluxes for the six treatments showed a linear behaviour. However, when soil 278 
temperature values were above 15º C (mostly during the growing season period) daily 279 
soil CO2 fluxes increased rapidly with soil temperature increase. Moreover, soil 280 
temperature showed a trend to a greater impact on soil CO2 fluxes under S irrigation than 281 
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under F irrigation, with an increment in the slope value of 24, 20 and 33% for CT, NTr 282 
and NT, respectively (Figure 5). 283 
Daily soil CO2 fluxes presented a significant linear relationships with soil WFPS 284 
(Figure 6). For each irrigation system, different trends were observed, with positive 285 
increases of soil CO2 fluxes with soil WFPS in all three tillage systems under S irrigation. 286 
Under F irrigation, all tillage systems also showed a linear positive increase of daily soil 287 
CO2 fluxes with soil WFPS but only until a threshold value of 60% WFPS. From 60 to 288 
100% WFPS, soil CO2 fluxes linearly decreased as soil WFPS increased (Figure 6). 289 
Throughout the three maize growing seasons, cumulative CO2 emissions were 290 
significantly affected by the interaction between tillage and irrigation system (Table 6). 291 
In all three growing seasons, cumulative soil CO2 emissions in the CT-S treatment were 292 
greater than in the other tillage-irrigation treatments (Figure 7). Moreover, for both fallow 293 
periods, cumulative soil CO2 emissions showed significant differences between tillage 294 
systems (Table 6). Over the two fallow periods, NT presented lower mean cumulative 295 
emissions values (0.52 and 0.54 Mg CO2-C ha
-1 in the 15-16 and 16-17 fallow periods, 296 
respectively) compared with CT and NTr tillage (0.77 and 0.75 Mg CO2-C ha
-1 in CT and 297 
0.85 and 0.85 Mg CO2-C ha
-1 in NTr, for 15-16 and 16-17 fallows, respectively) (data not 298 
shown).  299 
3.3. Methane emissions 300 
In the three maize growing seasons and the two fallow periods, no significant 301 
differences were observed for daily soil CH4 fluxes among tillage systems (Table 5). 302 
Daily soil CH4 fluxes ranged between –1.00 and 1.00 mg CH4-C m
-2 day-1 during most of 303 




Cumulative soil CH4 emissions were only affected by tillage during the 16-17 fallow 306 
period (Table 6), showing NTr lower cumulative CH4 emissions compared with CT and 307 
NT, with mean cumulative values of -400, -91 and -106 g CH4-C ha
-1 for NTr, CT and 308 
NT, respectively (data not shown).  309 
3.4. Maize aboveground biomass 310 
Over the three growing seasons, maize aboveground biomass was significantly 311 
affected by the interaction between irrigation system and tillage (Table 6). Thus, while 312 
the NTr-S treatment showed greater maize aboveground biomass values than NTr-F in 313 
2015, in 2017 the same treatment presented greater maize aboveground biomass 314 
compared with NT-S and with NTr and NT under F irrigation. In 2016, CT resulted in 315 
higher maize aboveground biomass values compared with NT and NTr under both 316 
irrigation systems (Figure 9). In addition, a positive linear relationship was observed 317 
between cumulative soil CO2 emissions and total maize aboveground biomass for each 318 
of the three maize growing seasons (Figure 10). 319 
  320 
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4. Discussion 321 
Overall, the results obtained in our three maize growing seasons field experiment 322 
showed that tillage and irrigation system due to their capacity to modify soil water content 323 
and soil temperature had a significant impact on soil CO2 emissions but not on CH4 324 
emissions. Likewise, carbonate dissolution is one of the main abiotic processes that can 325 
contribute to the CO2 emissions from the soil in this semiarid climate. However, our study 326 
was focused on the biologically-derived C emissions. 327 
Daily soil CO2 fluxes presented a temporal pattern similar to that observed by Franco-328 
Luesma et al. (2019) and Pareja-Sánchez et al. (2019) for irrigated maize fields under 329 
Mediterranean conditions. This temporal evolution of soil CO2 fluxes was characterized 330 
by low values during the fallow period, followed by a rapid increase of the emissions 331 
concomitant with the growth of the maize crop and reaching maximum values at the 332 
maize tasseling stage (VT) to decrease afterwards until the fallow period when the lowest 333 
values were measured.  334 
This soil CO2 flux pattern found during the maize growing season was partially 335 
explained by the effect of soil temperature, as it was demonstrated by the positive 336 
relationship found between these two variables as it has also been reported previously 337 
(Howard and Howard, 1993; Lloyd and Taylor, 1994; Fang and Moncrieff, 2001). The 338 
different response of soil CO2 fluxes over the different periods (fallow vs growing season) 339 
was related with the combined effects of soil temperature and the presence of a crop and 340 
its growth that regulate the CO2 emissions from the soil (Davidson and Janssens, 2006). 341 
Thus, the greater soil temperature, the root-derived CO2 and the increase of C sources 342 
coming from the root exudates would have led to better conditions for the production of 343 
CO2 in the soil during the growing season period than over the fallow period, when there 344 
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are not root-derived CO2 and colder temperatures can affect soil biological processes by 345 
the deactivation of enzymes (Sharpe & De Michelle 1977; Rochette and Flanagan, 1997). 346 
Soil WFPS also affected soil CO2 fluxes but with different response depending on 347 
the irrigation system. Hence, under F irrigation, soil CO2 fluxes increased with WFPS up 348 
to 60% value but from this WFPS value onwards soil CO2 fluxes decreased. In our soil 349 
conditions, this value of 60% WFPS is usually coincident with the field capacity point. 350 
Moreover, the 60% WFPS has been identified as a threshold for microbial activity since 351 
values higher than 60% WFPS lead to a reduction ofthe O2 availability in soils and, thus, 352 
to a decrease of soil microorganism activity, one of the main processes involved in the 353 
production of CO2 in soils (Linn and Doran, 1984). Under F irrigation, large amounts of 354 
water (from 80 to 100 mm) was applied in each irrigation event. These large additions of 355 
water usually increase WFPS to values above 60% during the following four days after 356 
the irrigation event. In contrast, S irrigation resulted in steady soil WFPS values (about 357 
50-60%) over the growing season, which were close to the optimum WFPS values for 358 
microorganism activity (Linn and Doran, 1984) and, thus, contributing to the greater soil 359 
CO2 fluxes found in S irrigation compared with F irrigation. 360 
Cumulative soil CO2 emissions measured in this work were similar to those reported 361 
by Forte et al. (2017) who compared the effects of minimum tillage (rotary harrow) and 362 
conventional tillage (mouldboard ploughing to 30 cm depth) on soil CO2 emissions under 363 
irrigated maize in Campania (southern Italy). In our work, over the three maize growing 364 
seasons, S irrigation increased cumulative soil CO2 emission by 24% compared with F 365 
irrigation. This increase of cumulative soil CO2 emissions under S irrigation can be 366 
related with the effect of the irrigation system on soil WFPS, as explained before, but also 367 
with the effect of the total maize aboveground biomass on cumulative soil CO2 emissions 368 
since maize root respiration can account for about 50% of the total soil respiration during 369 
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the maize vegetative stages (Rochette and Flanagan, 1997). Thus, a positive impact of 370 
maize aboveground biomass on soil CO2 emissions, as well as the linear increase of soil 371 
respiration with WFPS observed under S irrigation, could explain the higher cumulative 372 
soil CO2 emissions measured under this irrigation system.  373 
Throughout the three maize growing seasons, S irrigation increased by 10% the maize 374 
aboveground biomass compared with F irrigation. Segal et al. (2006), in a lysimeter study 375 
carried out at Arava research station (Arava Valley, Israel), observed increments of 376 
ornamental sunflower yields when the irrigation frequency was increased. In general, 377 
higher irrigation frequency results in greater soil water content and higher water potential 378 
in the root zone favouring plant water uptake. Consequently, in our study, the higher 379 
irrigation frequency in S irrigation compared with F irrigation (two times per week under 380 
S irrigation vs one time every 10 days under F irrigation) led to a relatively steady high 381 
WFPS levels in S irrigation during the growing season, which contributed to attain high 382 
crop yields. On the other hand, Ren et al. (2016) observed negative impacts on maize 383 
growth when water was maintained above the soil surface for 3 or 6 days. In our study, 384 
water above the soil surface was observed under F irrigation at least during the first 24h 385 
after the irrigation event. Then, WFPS started to decrease rapidly reaching values lower 386 
than 30%, which probably resulted in lower plant water uptake due to a lower water 387 
potential in the root zone. These facts would explain the lower aboveground biomass 388 
obtained in the F irrigation system compared with S irrigation.  389 
In addition, CT increased cumulative soil CO2 emissions by 21 and 39% compared 390 
with NTr and NT, respectively. The direct incorporation of the maize stover into the soil 391 
by tillage operations could increase the availability of C for soil microorganisms, thus 392 
increasing CO2 production. This result isin agreement with the findings reported by 393 
Alluvione et al. (2009) in a similar experiment comparing conventional tillage and no-394 
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tillage in an irrigated maize monoculture. Moreover, several studies (e.g. Blanco-Canqui 395 
and Lal, 2008; Moebius-Clune et al., 2008; Stetson et al., 2012) have found that the 396 
removal of the maize stover from the field reduces SOC content. This fact would explain 397 
the lower cumulative soil CO2 emissions observed in NT compared with NTr and CT, in 398 
agreement with the results reported by Maris et al. (2018) for sprinkler-irrigated maize 399 
under Mediterranean conditions in which the maize stover was removed or incorporated 400 
to the soil by tillage operations. Therefore, the results presented in this work supported 401 
the initial hypothesis of greater soil CO2 emissions for the conventional tillage under 402 
sprinkler irrigation. 403 
Soil CH4 fluxes measured in this work were in the range of values reported by Álvaro-404 
Fuentes et al. (2016) for sprinkler-irrigated maize in Mediterranean areas. Throughout 405 
the entire measurement period, no significant differences in soil CH4 fluxes between 406 
tillage systems were observed in any of the irrigation systems. Higher WFPS values 407 
measured under F irrigation, reaching values of 100% right after the water application, 408 
did not increase the CH4 emissions. This fact could be related with the methanogenesis 409 
process, which requires strict anaerobic soil conditions. Moreover, a redox potential value 410 
(Eh) of –150 mV is considered as critical value for CH4 production, being necessary a 411 
progressive reduction of the different soil electron acceptors O2, NO3
–, Mn4+, Fe3+, SO4
2– 412 
to reach this critical value of Eh (Wang et al., 1993; Peters and Conrad, 1996). Likewise, 413 
the production of CH4 soil can be inhibited by toxic effects (nitrite, NO2
–) and by 414 
competition for H2 between denitrifiers and methanogens (Kluber and Conrad, 1998). 415 
Therefore, the short period in which the flood irrigation system presented values of WFPS 416 
close to 100% (first 24 h after the irrigation event) as well as the presence of an important 417 
amount of NO3
– could explain the absence of CH4 production events associated with the 418 
flood irrigation.  419 
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In general, over the three maize growing seasons and the two fallow periods, 420 
cumulative CH4 emissions were negative, this meaning that soil acted as a CH4 sink, as 421 
observed by Sanz-Cobeña et al. (2014) under Mediterranean conditions. Methane 422 
consumption showed a trend to be greater under NTr, being 3.2 and 1.5 times higher 423 
compared with CT and NT tillage, respectively. These results were similar to those 424 
obtained by Pareja-Sánchez et al. (2019) in an irrigated maize field study under 425 
Mediterranean conditions, in which greater CH4 uptake under no-tillage has been 426 
reported. Similarly, in soil core incubation experiments, Hütsch (2001) and Jacinthe et al. 427 
(2014) observed greater methanotrophic activity for agricultural soils under no-tillage. 428 
The increase in CH4 uptake under no-tillage systems, especially for NTr treatments, could 429 
be related with the lower disturbance of the topsoil compared with tillage systems (Ussiri 430 
et al., 2009). No-tillage systems may improve soil structure resulting in better soil gas 431 
diffusivity and an optimal circulation of gases throughout the soil profile, thus providing 432 
a more suitable condition for methane consumption (Ball et al, 1999; Smith et al., 2003; 433 
Ball et al. 2008). Given this, our initial hypothesis of greater CH4 emissions under F 434 
irrigation was not supported by the observed results.  435 
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5. Conclusions 436 
In this experiment, it has been observed that under Mediterranean conditions two 437 
important management practices (irrigation and tillage) have a significant impact on the 438 
soil carbon cycle. Specifically, over three maize growing seasons, both irrigation and soil 439 
tillage system affected soil CO2 emissions, but not CH4 emissions. More stable soil WFPS 440 
values provided by sprinkler irrigation system compared with flood irrigation favoured 441 
maize growth, thus leading to optimal conditions for the microorganism activity, and, 442 
ultimately, to greater soil CO2 emissions compared with flood irrigation. Moreover, the 443 
incorporation into the soil of the maize stover by tillage operations increased the soil CO2 444 
emissions compared with the no-tillage systems. Soil CH4 emissions were affected by the 445 
tillage system in one out of the two fallow periods, while the irrigation system did not 446 
impact on these emissions. Over the entire measurement period, soil acted as a sink of 447 
CH4 with minimum differences between irrigation systems and a trend to greater CH4 448 
consumption under no-tillage systems. 449 
The results of this work suggest that no-tillage maintaining the crop stover and 450 
sprinkler irrigation is a win-win strategy for irrigated maize under Mediterranean 451 
conditions, which results in lower soil CO2 emissions and the maintenance of maize 452 
aboveground biomass yields, compared with conventional tillage and flood irrigated 453 
systems.  454 




The authors would like to thank Elena Paracuellos Planas, César Romano, Miguel 457 
Ángel Millán Espiau, Valero Pérez Laguardia and Florin Ion for laboratory and field 458 
assistance. Samuel Franco-Luesma was awarded a FPI fellowship by the Ministry of 459 
Science, Innovation and Universities (MICINN) of Spain (ref. BES-2014-069175). 460 
Daniel Plaza-Bonilla was awarded a Juan de la Cierva postdoctoral grant by MICINN 461 
(refs. FJCI-2014-19570; IJCI-2016-27784). This research was supported by a MICINN 462 
grant (ref. AGL2013-49062-C4-4-R). 463 
 464 
Declaration of Competing Interest 465 
The authors declare no conflict of interest 466 
  467 
23 
 
6. References 468 
Aguilera, E., Lassaletta, L., Gattinger, A., Gimeno, B.S., 2013. Managing soil carbon for 469 
climate change mitigation and adaptation in Mediterranean cropping systems: A 470 
meta-analysis. Agric. Ecosyst. Environ. 168, 25-36 471 
Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop evapotranspiration-Guidelines 472 
for computing crop water requirements-FAO Irrigation and drainage paper 56. 473 
Fao, Rome 300, D05109. 474 
Álvaro-Fuentes, J., Arrúe, J.L., Cantero-Martínez, C., Isla, R., Plaza-Bonilla, D., Quílez, 475 
D., 2016. Fertilization scenarios in sprinkler-irrigated corn under mediterranean 476 
conditions: effects on greenhouse gas emissions. Soil Sci. Soc. Am. J. 80, 662–477 
671. https://doi.org/10.2136/sssaj2015.04.0156 478 
Álvaro-Fuentes, J., López, M.V., Arrúe, J.L., Cantero-Martínez, C., 2008. Management 479 
effects on soil carbon dioxide fluxes under semiarid Mediterranean conditions. 480 
Soil Sci. Soc. Am. J. 72, 194-200. https://doi.org/10.2136/sssaj2006.0310 481 
Alluvione, F., Halvorson, A.D., Del Grosso, S.J., 2009. Nitrogen, tillage, and crop 482 
rotation effects on carbon dioxide and methane fluxes from irrigated cropping 483 
systems. J. Environ. Qual. 38, 2023-2033.  484 
Ball, B.C., 2013. Soil structure and greenhouse gas emissions: a synthesis of 20 years of 485 
experimentation. Eur. J. Soil Sci. 64, 357-373. 486 
Ball, B.C., Crichton, I., Horgan, G.W., 2008. Dynamics of upward and downward N2O 487 
and CO2 fluxes in ploughed or no-tilled soils in relation to water-filled pore space, 488 




Ball, B.C., Scott, A., Parker, J.P., 1999. Field N2O, CO2 and CH4 fluxes in relation to 491 
tillage, compaction and soil quality in Scotland. Soil Tillage Res. 53, 29–39. 492 
https://doi.org/10.1016/s0167-1987(99)00074-4 493 
Blanco-Canqui, H., Lal, R., 2008. Corn stover removal impacts on micro-scale soil 494 
physical properties. Geoderma 145, 335-346. 495 
https://doi.org/10.1016/j.geoderma.2008.03.016 496 
Dastane, N.G. 1978. Effective rainfall in irrigated agriculture. Irrigation and Drainage 497 
Paper 25. FAO, Rome. 498 
Davidson, E.A., Janssens, I.A., 2006. Temperature sensitivity of soil carbon 499 
decomposition and feedbacks to climate change. Nature 440, 165-173. 500 
https://doi.org/10.1038/nature04514 501 
Fang, C., Moncrieff, J.B., 2001. The dependence of soil CO2 efflux on temperature. Soil 502 
Biol. Biochem. 33, 155-165.  503 
Follett, R.F., Jantalia, C.P., Halvorson, A.D., 2013. Soil carbon dynamics for irrigated 504 
corn under two tillage systems. Soil Sci. Soc. Am. J. 77, 951-963. 505 
Forte, A., Fiorentino, N., Fagnano, M., Fierro, A., 2017. Mitigation impact of minimum 506 
tillage on CO2 and N2O emissions from a Mediterranean maize cropped soil under 507 
low-water input management. Soil Tillage Res. 166, 167-178.  508 
Franco-Luesma, S., Álvaro-Fuentes, J., Plaza-Bonilla, D., Arrúe, J.L., Cantero-Martínez, 509 
C., Cavero, J., 2019. Influence of irrigation time and frequency on greenhouse gas 510 
emissions in a solid-set sprinkler-irrigated maize under Mediterranean conditions. 511 
Agric. Water Manage. 221, 303-311. https://doi.org/10.1016/j.agwat.2019.03.042 512 
25 
 
Grossman R, Reinsch T., 2002. Bulk density and linear extensibility. In: Dane JH, 513 
ToppGC (eds) Methods of soil analysis. Part 4. Physical methods. ASA, SSSA, 514 
Madison,WI, 201–228. 515 
Howard, D.M., Howard, P.J.A., 1993. Relationships between CO2 evolution, moisture-516 
content and temperature for a range of soil types. Soil Biol. Biochem. 25, 1537-517 
1546. 518 
Hutchinson, G.L., Mosier, A.R., 1981. Improved soil cover method for field measurement 519 
of nitrous-oxide fluxes. Soil Sci. Soc. Am. J. 45, 311–316. 520 
https://doi.org/10.2136/sssaj1981.03615995004500020017x 521 
Hütsch, B.W., 2001. Methane oxidation in non-flooded soils as affected by crop 522 
production - invited paper. Eur. J. Agron. 14, 237-260. 523 
https://doi.org/10.1016/s1161-0301(01)00110-1 524 
Jacinthe, P.A., Dick, W.A., Lal, R., Shrestha, R.K., Bilen, S., 2014. Effects of no-till 525 
duration on the methane oxidation capacity of Alfisols. Biol. Fertil. Soils 50, 477-526 
486. https://doi.org/10.1007/s00374-013-0866-7 527 
Kluber, H.D., Conrad, R., 1998. Effects of nitrate, nitrite, NO and N2O on methanogenesis 528 
and other redox processes in anoxic rice field soil. FEMS Microbiol. Ecol. 25, 529 
301-318. 530 
Le Mer, J., Roger, P., 2001. Production, oxidation, emission and consumption of methane 531 
by soils: A review. Eur. J. Soil Biol. 37, 25-50. https://doi.org/10.1016/s1164-532 
5563(01)01067-6 533 
Lecina, S., Isidoro, D., Playán, E., Aragüés, R., 2010. Irrigation modernization in spain: 534 
effects on water quantity and quality-a conceptual approach. Int. J. Water Resour. 535 
Dev. 26, 265–282. https://doi.org/10.1080/07900621003655734 536 
26 
 
Levy, P.E., Cowan, N., van Oijen, M., Famulari, D., Drewer, J., Skiba, U., 2017. 537 
Estimation of cumulative fluxes of nitrous oxide: uncertainty in temporal 538 
upscaling and emission factors. Eur. J. Soil Sci. 68, 400–411. 539 
https://doi.org/10.1111/ejss.12432 540 
Linn, D.M., Doran, J.W., 1984. Effect of water-filled pore-space on carbon-dioxide and 541 
nitrous-oxide production in tilled and nontilled soils. Soil Sci. Soc. Am. J. 48, 542 
1267–1272. https://doi.org/10.2136/sssaj1984.03615995004800060013x 543 
Lloyd, J., Taylor, J.A., 1994. On the temperature-dependence of soil respiration. Funct. 544 
Ecol. 8, 315-323.  545 
Maris, S.C., Lloveras, J., Vallejo, A., Teira-Esmatges, M.R., 2018. Effect of stover 546 
management and nitrogen fertilization on N2O and CO2 emissions from irrigated 547 
maize in a high nitrate Mediterranean soil. Water Air Soil Pollut. 229, 17. 548 
https://doi.org/10.1007/s11270-017-3660-6 549 
Martínez-Cob, A., Playán, E., Zapata, N., Cavero, J., Medina, E.T., Puig, M., 2008. 550 
Contribution of evapotranspiration reduction during sprinkler irrigation to 551 
application efficiency. J. Irrig. Drain. Eng. 134, 745–756.  552 
Meijide, A., Cárdenas, L.M., Sánchez-Martín, L., Vallejo, A., 2010. Carbon dioxide and 553 
methane fluxes from a barley field amended with organic fertilizers under 554 
Mediterranean climatic conditions. Plant Soil 328, 353-367. 555 
Menéndez, S., López-Bellido, R.J., Benítez-Vega, J., González-Murua, C., López-556 
Bellido, L., Estavillo, J.M., 2008. Long-term effect of tillage, crop rotation and N 557 
fertilization to wheat on gaseous emissions under rainfed Mediterranean 558 
conditions. Eur. J. Agron. 28, 559-569. 559 
27 
 
Moebius-Clune, B.N., van Es, H.M., Idowu, O.J., Schindelbeck, R.R., Moebius-Clune, 560 
D.J., Wolfe, D.W., Abawi, G.S., Thies, J.E., Gugino, B.K., Lucey, R., 2008. Long-561 
term effects of harvesting maize stover and tillage on soil quality. Soil Sci. Soc. 562 
Am. J. 72, 960-969.  563 
Morell, F.J., Cantero-Martínez, C., Lampurlanes, J., Plaza-Bonilla, D., Álvaro-Fuentes, 564 
J., 2011. Soil Carbon Dioxide Flux and Organic Carbon Content: Effects of 565 
Tillage and Nitrogen Fertilization. Soil Sci. Soc. Am. J. 75, 1874-1884. 566 
Pareja-Sánchez, E., Cantero-Martínez, C., Álvaro-Fuentes, J., Plaza-Bonilla, D., 2019. 567 
Tillage and nitrogen fertilization in irrigated maize: key practices to reduce soil 568 
CO2 and CH4 emissions. Soil and Tillage Research 191, 29-36.  569 
Paustian, K., Andren, O., Janzen, H.H., Lal, R., Smith, P., Tian, G., Tiessen, H., Van 570 
Noordwijk, M., Woomer, P.L., 1997. Agricultural soils as a sink to mitigate CO2 571 
emissions. Soil Use Manage. 13, 230-244.  572 
Peters, V., Conrad, R., 1996. Sequential reduction processes and initiation of CH4 573 
production upon flooding of oxic upland soils. Soil Biol. Biochem. 28, 371-382. 574 
Playán, E., Mateos, L., 2006. Modernization and optimization of irrigation systems to 575 
increase water productivity. Agric. Water Manag. 80, 100–116. 576 
Plaza-Bonilla, D., Cantero-Martínez, C., Bareche, J., Arrúe, J.L., Álvaro-Fuentes, J., 577 
2014. Soil carbon dioxide and methane fluxes as affected by tillage and N 578 
fertilization in dryland conditions. Plant and Soil 381, 111-130. 579 
https://doi.org/10.1007/s11104-014-2115-8 580 
Ramnarine, R., Wagner-Riddle, C., Dunfield, K.E., Voroney, R.P., 2012. Contributions 581 
of carbonates to soil CO2 emissions. Can. J. Soil Sci. 92, 599-607. 582 
28 
 
Rawlins, S.L., Raats, P.A.C., 1975. Prospects for high-frequency irrigation. Science 188, 583 
604-610. https://doi.org/10.1126/science.188.4188.604 584 
Ren, B., Zhang, J., Dong, S., Liu, P., Zhao, B., 2016. Effects of duration of waterlogging 585 
at different growth stages on grain growth of summer maize (Zea mays L.) under 586 
field conditions. J. Agron. Crop Sci. 202, 564-575. 587 
https://doi.org/doi:10.1111/jac.12183 588 
Rey, A., 2015. Mind the gap: non-biological processes contributing to soil CO2 efflux. 589 
Glob. Change Biol. 21, 1752-1761. 590 
Rochette, P., Flanagan, L.B., 1997. Quantifying rhizosphere respiration in a corn crop 591 
under field conditions. Soil Sci. Soc. Am. J. 61, 466-474. 592 
https://doi.org/10.2136/sssaj1997.03615995006100020014x 593 
Sanz-Cobeña, A., Garcìa-Marco, S., Quemada, M., Gabriel, J.L., Almendros, P., Vallejo, 594 
A., 2014. Do cover crops enhance N2O, CO2 or CH4 emissions from soil in 595 
Mediterranean arable systems? Sci. Total Environ. 466, 164-174. 596 
https://doi.org/10.1016/j.scitotenv.2013.07.023 597 
Sanz-Cobeña, A., Lassaletta, L., Aguilera, E., del Prado, A., Garnier, J., Billen, G., 598 
Iglesias, A., Sánchez, B., Guardia, G., Ábalos, D., Plaza-Bonilla, D., Puigdueta-599 
Bartolome, I., Moral, R., Galán, E., Arriaga, H., Merino, P., Infante-Amate, J., 600 
Meijide, A., Pardo, G., Álvaro-Fuentes, J., Gilsanz, C., Baez, D., Doltra, J., 601 
González-Ubierna, S., Cayuela, M.L., Menéndez, S., Diaz-Pines, E., Le-Noe, J., 602 
Quemada, M., Estelles, F., Calvet, S., van Grinsven, H.J.M., Westhoek, H., Sanz, 603 
M.J., Gimeno, B.S., Vallejo, A., Smith, P., 2017. Strategies for greenhouse gas 604 
emissions mitigation in Mediterranean agriculture: A review. Agric. Ecosyst. 605 
Environ. 238, 5–24. https://doi.org/10.1016/j.agee.2016.09.038 606 
29 
 
SAS Institute Inc., 2012. Using JMP 10. SAS Institute, Cary, NC 607 
Sauer, T.J., Hatfield, J.L., Prueger, J.H., Norman, J.M., 1998. Surface energy balance of 608 
a corn residue-covered field. Agric. For. Meteorol. 89, 155-168. 609 
Segal, E., Ben-Gal, A., Shani, U., 2006. Root water uptake efficiency under ultra-high 610 
irrigation frequency. Plant Soil 282, 333-341. https://doi.org/10.1007/s11104-611 
006-0003-6 612 
Sharpe, P.J.H., Demichele, D.W., 1977. Reaction-kinetics of poikilotherm development. 613 
J. Theor. Biol. 64, 649-670.  614 
Smith, K.A., Ball, T., Conen, F., Dobbie, K.E., Massheder, J., Rey, A., 2003. Exchange 615 
of greenhouse gases between soil and atmosphere: interactions of soil physical 616 
factors and biological processes. Eur. J. Soil Sci. 54, 779-791. 617 
https://doi.org/10.1046/j.1351-0754.2003.0567.x 618 
Stetson, S.J., Osborne, S.L., Schumacher, T.E., Eynard, A., Chilom, G., Rice, J., Nichols, 619 
K.A., Pikul, J.L., 2012. Corn residue removal impact on topsoil organic carbon in 620 
a corn-soybean rotation. Soil Sci. Soc. Am. J. 76, 1399-1406. 621 
https://doi.org/10.2136/sssaj2011.0420 622 
Soil Survey Staff. 2015. Illustrated guide to soil taxonomy. U.S. Department of 623 
Agriculture, Natural Resources Conservation Service, National Soil Survey 624 
Center, Lincoln, Nebraska. 625 
Trost, B., Prochnow, A., Drastig, K., Meyer-Aurich, A., Ellmer, F., Baumecker, M., 2013. 626 
Irrigation, soil organic carbon and N2O emissions. A review. Agron. Sustain. Dev. 627 
33, 733-749. 628 
30 
 
Ussiri, D.A.N., Lal, R., Jarecki, M.K., 2009. Nitrous oxide and methane emissions from 629 
long-term tillage under a continuous corn cropping system in Ohio. Soil Tillage 630 
Res. 104, 247–255. https://doi.org/10.1016/j.still.2009.03.001 631 
Wang, Z.P., Delaune, R.D., Masscheleyn, P.H., Patrick, W.H., 1993. Soil redox and pH 632 
effects on methane production in a flooded rice soil. Soil Sci. Soc. Am. J. 57, 382-633 
385. https://doi.org/10.2136/sssaj1993.03615995005700020016x 634 
West, T.O., Post, W.M., 2002. Soil organic carbon sequestration rates by tillage and crop 635 
rotation: A global data analysis. Soil Sci. Soc. Am. J. 66, 1930-1946. 636 
Wu, L.S., Wood, Y., Jiang, P.P., Li, L.Q., Pan, G.X., Lu, J.H., Chang, A.C., Enloe, H.A., 637 
2008. Carbon sequestration and dynamics of two irrigated agricultural soils in 638 
California. Soil Sci. Soc. Am. J. 72, 808-814. 639 
https://doi.org/10.2136/sssaj2007.0074 640 
Zornoza, R., Rosales, R.M., Acosta, J.A., de la Rosa, J.M., Arcenegui, V., Faz, A., Perez-641 
Pastor, A., 2016. Efficient irrigation management can contribute to reduce soil 642 
CO2 emissions in agriculture. Geoderma 263, 70-77. 643 
  644 
31 
 
Figure captions. 645 
Figure 1. Daily mean air temperature (black continuous line), precipitation (vertical bars) 646 
and reference evapotranspiration (ETo) (grey continuous line) throughout the entire 647 
experimental period. 648 
 649 
Figure 2. Soil water-filled pore space (WFPS) in the 0-5 cm depth for sprinkler (a) and 650 
flood (b) irrigation systems as affected by soil tillage systems: CT (conventional tillage), 651 
NTr (no-tillage maintaining the maize stover), NT (no-tillage removing the maize stover). 652 
* Indicates significant differences between tillage treatments for a given date at p<0.05. 653 
Error bars represent standard error. 654 
 655 
Figure 3. Soil temperature at 5 cm depth for sprinkler (a) and flood (b) irrigation systems 656 
as affected by soil tillage systems: CT (conventional tillage), NTr (no-tillage maintaining 657 
the maize stover), NT (no-tillage removing the maize stover). *Indicates significant 658 
differences between tillage treatments for a given date at p<0.05. Error bars represent 659 
standard error. 660 
 661 
Figure 4. Soil CO2 flux for sprinkler (a) and flood (b) irrigation systems as affected by 662 
soil tillage systems: CT (conventional tillage), NTr (no-tillage maintaining the maize 663 
stover), NT (no-tillage removing the maize stover). *Indicates significant differences 664 
between tillage treatments for a given date at p<0.05. Black triangles indicate fertilizer 665 
applications. White triangles indicate flood irrigation events. Error bars represent 666 




Figure 5. Regression analysis between soil temperature (at 5 cm depth) and soil CO2 669 
fluxes as affected by soil tillage (CT, conventional tillage; NTr, no-tillage maintaining 670 
the maize stover; NT, no-tillage removing the maize stover) and irrigation system (S, 671 
sprinkler irrigation; F, flood irrigation). Each point represents the average value for each 672 
sampling date. 673 
 674 
Figure 6. Regression analysis between soil water-filled pore space (WFPS) (0-5 cm 675 
depth) and CO2 fluxes as affected soil tillage (CT, conventional tillage; NTr, no-tillage 676 
maintaining the maize stover; NT, no-tillage removing the maize stover) and irrigation 677 
system (S, sprinkler irrigation; F, flood irrigation). Each point represents the average 678 
value for each sampling date. 679 
Figure 7. Cumulative CO2 emissions for 2015, 2016 and 2017 growing seasons as affected 680 
by soil tillage (CT, conventional tillage; NTr, no-tillage maintaining the maize stover; 681 
NT, no-tillage removing the maize stover) and irrigation system (S, sprinkler irrigation; 682 
F, flood irrigation). For each growing season, different letters indicate significant 683 
differences between treatments at p<0.05.  684 
 685 
Figure 8. Soil CH4 flux for sprinkler (a) and flood (b) irrigation systems as affected by 686 
soil tillage systems: CT (conventional tillage), NTr (no-tillage maintaining the maize 687 
stover), NT (no-tillage removing the maize stover). Black triangles indicate fertilizer 688 
applications. White triangles indicate flood irrigation events. Error bars represent 689 




Figure 9. Maize aboveground biomass for 2015, 2016 and 2017 growing seasons as 692 
affected by soil tillage (CT, conventional tillage; NTr, no-tillage maintaining the maize 693 
stover; NT, no-tillage removing the maize stover) and irrigation system (S, sprinkler 694 
irrigation; F, flood irrigation). For each growing season, different letters indicate 695 
significant differences between treatments at p<0.05. Error bars represent standard error. 696 
 697 
Figure 10. Regression analysis between cumulative soil CO2 emissions and maize 698 
aboveground maize biomass. Each point represents the value of each tillage-irrigation 699 
treatments.  700 
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Table 1. Soil characteristics at the beginning of the experiment. 734 
Depth pH SOCa  CaCO3 Sand Silt Clay   FCb WPc  
––  (m)  ––  ––––––––––––––––––––  (%)  –––––––––––––––––– –––  (m3 m-3)  ––– 
0.00−0.05 7.98 1.93 34.9 15.7 61.9 22.4  0.26 0.14 
0.05−0.10 8.20 1.85 34.9 15.4 62.9 21.7  0.26 0.14 
0.10−0.25 8.03 1.75 35.1 15.9 62.1 22.0  0.25 0.16 
0.25−0.50 7.95 1.51 35.3 16.1 63.6 20.3   0.25 0.16 
a Soil organic carbon. b Water content at field capacity (-0.033 MPa). c Water content at wilting point (-1.5 735 
MPa). 736 




Table 2. Schedule of field operations during the 2015, 2016 and 2017 maize growing seasons. 739 
Field operation 2015 2016 2017 
Stover management (NT)    
Stover removal  23/12/2015 11/11/2016 
Tillage operation (CT)    
Subsoiler and disk harrow 11/03/2015 15/12/2016 31/01/2017 
Rotary tiller 08/04/2015 12/04/2016 17/04/2017 
No-tillage weed control (NTr; NT)    
Herbicide application 21/11/2014 11/04/2016 07/02/2017 
    
Sowing (CT; NTr; NT) 09/04/2015 12/04/2016 17/04/2017 
N Fertilization (CT; NTr; NT)    
Presowing application 08/04/2015 11/04/2016 17/04/2017 
Top dressing application 02/06/2015 13/06/2016 07/06/2017 
    
Harvest (CT; NTr; NT) 30/09/2015 05/10/2016 17/10/2017 
(); For each field operation abbreviation inside brackets indicate in which soil tillage management was 740 
performed it.  741 




Table 3. Calculated crop evapotranspiration (ETc), precipitation, crop irrigation requirement (CIR) and 744 
irrigation water applied in both irrigation systems (sprinkler and flood) in 2015, 2016 and 2017 maize 745 
growing seasons. 746 
Growing season ETc Precipitation CIR Irrigation 
        Sprinkler Flood 
  ––––––––––––––––––––––––––– mm ––––––––––––––––––––––––––––– 
2015 719 115 712 729 950 
2016 763 130 722 708 824 
2017 744 136 693 686 874 




Table 4. Analysis of variance F (F-value) and P (p-values) of soil water-filled pore space (WPFS) (0-5 cm) 749 
and soil temperature at 5 cm depth for sprinkler and flood irrigation and for 2015, 2016 and 2017 growing 750 
seasons and 15-16 and 16-17 fallow periods as affected by soil tillage, sampling date and their interactions. 751 
Sprinkler irrigation 
 2015 15-16 fallow 2016 16-17 fallow 2017 
Effects F P F P F P F P F P 
 
–––––––––––––––––––––––––––  WFPS (%)  ––––––––––––––––––––––––––– 
Tillage 16.81 0.049 23.43 0.001 71.84 <0.001 7.45 0.047 64.16 <0.001 
Date 32.80 <0.001 50.84 <0.001 22.68 <0.001 85.84 <0.001 102.4 <0.001 
Tillage x Date 6.44 <0.001 2.97 <0.003 2.00 <0.001 3.61 <0.001 2.50 <0.001 
 
–––––––––––––––––––––––  Soil temperature (ºC)  ––––––––––––––––––––––– 
Tillage 28.08 0.024 2.01 ns* 19.45 <0.001 1.02 ns 9.15 0.032 
Date 186.5 <0.001 355.4 <0.001 661.9 <0.001 1136 <0.001 636.6 <0.001 
Tillage x Date 8.78 <0.001 0.89 ns 2.18 <0.001 2.49 0.008 2.25 <0.001 
Flood irrigation 
 2015 15-16 fallow 2016 16-17 fallow 2017 
Effects F P F P F P F P F P 
 
–––––––––––––––––––––––––––  WFPS (%)  ––––––––––––––––––––––––––– 
Tillage 14.76 ns 73.33 <0.001 38.85 0.002 17.77 0.01 76.15 <0.001 
Date 22.59 <0.001 124.33 <0.001 106.9 <0.001 92.75 <0.001 184.9 <0.001 
Tillage x Date 3.64 <0.001 6.58 <0.001 5.82 <0.001 2.45 0.008 2.07 <0.001 
 –––––––––––––––––––––––  Soil temperature (ºC)  ––––––––––––––––––––––– 
Tillage 0.25 ns 70.44 0.014 12.02 <0.001 19.79 <0.001 2.23 ns 
Date 144.8 <0.001 1086 <0.001 230.6 0.021 1644 0.008 160.6 <0.001 
Tillage x Date 4.19 <0.001 2.51 0.009 2.84 <0.001 2.83 0.003 2.63 <0.001 
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Table 5. Analysis of variance of daily soil CO2 and CH4 fluxes for sprinkler and flood irrigation and for 759 
2015, 2016 and 2017 growing seasons and 15-16 and 16-17 fallow periods as affected by soil tillage, 760 












  Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE 
Tillage ––––––––––  Soil CO2 flux (g CO2-C m-2 day-1)  –––––––––– 
CT 2.50 a 0.09 0.48 ab 0.05 1.53 a 0.07 0.50 a 0.03 1.75 a 0.07 
NTr 1.93 b 0.08 0.55 a 0.04 1.08 b 0.05 0.51 a 0.04 1.23 b 0.05 
NT   0.32 b 0.03 1.12 b 0.05 0.35 b 0.02 1.30 b 0.06 
Effects† ANOVA 
Tillage 0.009  0.006  <0.001  0.042  0.027  
Date <0.001  <0.001  <0.001  <0.001  <0.001  
Tillage x Date 0.008  <0.001  <0.001  0.002  0.002  
Tillage ––––––––––  Soil CH4 flux (mg CH4-C m-2 day-1)  –––––––––– 
CT –0.10 0.07 –0.04 0.10 –0.05 0.03 –0.16 0.15 –0.05 0.02 
NTr 0.06 0.08 –0.11 0.09 –0.05 0.03 0.06 0.12 –0.05 0.03 











































  Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE 
Tillage ––––––––––  Soil CO2 flux (g CO2-C m-2 day-1)  –––––––––– 
CT 2.00 0.06 0.43 a 0.02 1.06 0.04 0.40 ab 0.03 1.56 a 0.05 
NTr 1.55 0.05 0.45 a 0.03 0.95 0.03 0.53 a 0.03 1.36 ab 0.04 
NT   0.31 b 0.02 0.84 0.02 0.33 b 0.02 1.14 b 0.03 
Effects ANOVA 
Tillage ns  0.011  ns  0.01  0.014 
 
Date <0.001  <0.001  <0.001  <0.001  <0.001 
 
Tillage x Date 0.008  ns  <0.001  0.008  0.026 
 
Tillage ––––––––––  Soil CH4 flux (mg CH4-C m-2 day-1)  –––––––––– 
CT 0.02 0.07 0.02 0.09 –0.03 0.02 0.02 0.11 –0.11 0.03 
NTr –0.19 0.08 –0.11 0.08 0.02 0.03 –0.44 0.22 –0.05 0.02 
NT   –0.26 0.10 0.08 0.05 –0.08 0.20 –0.06 0.03 
Effects ANOVA 
Tillage ns  ns  ns  ns  ns  
Date ns  ns  ns  ns  ns  
Tillage x Date ns   ns   ns   ns   ns   
†For each variable, measurement period and effect, values followed by different letters are significantly 762 
different according to Tukey test at p=0.05 level. * ns, non-significant.  763 
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Table 6. Analysis of variance F (F-value) and P (p-values) of cumulative soil CO2 emissions, cumulative 764 
soil CH4 emissions and total aboveground maize biomass for 2015, 2016 and 2017 growing seasons and 765 
15-16 and 16-17 fallow periods  as affected by irrigation system, tillage system and their interactions. 766 
  2015 15-16 fallow 2016 16-17 fallow 2017 
 
F P F P F P F P F P 
Effects and levels ––––––––––––––  Cumulative soil CO2 emissions  ––––––––––––––– 
Irrigation system 60.37 0.004 1.58 ns 20.07 0.011 9.21 ns 3.84 ns 
Tillage system 50.81 0.006 28.16 <0.001 68.95 <0.001 20.91 0.002 106.5 <0.001 
Irrigation x Tillage 22.03 0.04 2.07 ns 12.69 0.003 4.03 ns 17.65 0.001 
 –––––––––––––––  Cumulative soil CH4 emissions  ––––––––––––––– 
Irrigation system 2.14 ns* 0.19 ns 1.22 ns 1.89 ns 1.05 ns 
Tillage system 0.71 ns 1.39 ns 0.56 ns 1.6 0.025 0.65 ns 
Irrigation x Tillage 4.03 ns 0.38 ns 0.32 ns 0.45 ns 0.35 ns 
 ––––––––––––––  Total aboveground maize biomass  –––––––––––––– 
Irrigation system 18.3 0.024   30.74 0.003   33.07 0.009 
Tillage system 2.59 ns   33.47 <0.001   24.03 0.001 
Irrigation x Tillage 15.58 0.029     7.92 0.013     8.62 0.015 
* ns, non-significant. 767 
 768 
